INTRODUCTION
Microfiltration is a pressure-driven membrane process for the separation of fine particles, microorganisms, and emulsion droplets. The microfiltration membranes have a microporous structure which separates fine particles with a size in the range of 50-10 3 nm, or retain the particles from solvent or other components with a molecular weight of 100-1000 kDa (1, 2) . Therefore, microfiltration can be placed between ultrafiltration and coarse filtration. During crossflow microfiltration process the permeate flux decreases with time as the retained particles are accumulated on membrane surface and within porous structure, where they create additional resistance to permeate flow.
The biotech and pharmaceutical industries have a significant potential in the application of microfiltration (3) . A typical industrial application of microfiltration is the separation of cells, separation and purification of enzymes, vaccines, and antibiotics for plasma and albumin treatment, and also in the removal of pyrogens, etc. (4) . In addition, it is used in the separation process that needs to satisfy specific requirements, such as the absolute separation of seedlings, a continuous filtration without local contamination and separation without exposure to heat (5) . Microporous membranes are the part of a new generation of bioreactors, where they serve as carriers of enzymes and microorganisms. They are used for aeration of fermentation broth without creating bubbles (bubble-free gassing), and for the filtration of small quantities of samples for measuring and control devices (4) .
The interest in ceramic membranes has increased concurrently with new processes and new applications. Ceramic membranes have been widely used in the environmental, petrochemical and food industries because of their higher chemical, thermal and mechanical stability compared to organic membranes. Due to microfiltration, which is based on the mechanism of the sieve effect, the microstructure parameters of ceramic membranes have a great influence on the permeate flux and rejection. Ceramic membranes were initially used in the wastewater technology, but successful solutions and possible applications cover all industries where certain media are to be filtered (6) .
Microfiltration of baker's yeast (Saccharomyces cerevisiae) suspension has been the topic of numerous studies. These studies were concerned with the individual impact of process parameters on the process of microfiltration, but with no quantification of these impacts, as well as their mutual interactions during microfiltration using multichannel ceramic membranes (6) .
The aim of this work was to examine the influence of transmembrane pressure, initial concentration of the suspension and feed flow on the microfiltration of the baker's yeast suspension using multichannel ceramic membrane in a batch mode. To examine the mutual interaction of these process parameters, response surface methodology was used, which allows finding the appropriate polynomial model which can be used to optimize process in the observed range of process parameters.
EXPERIMENTAL

Experimental material
Baker's yeast was used to make the suspensions for the experiments. Prior to each experiment, the suspension was prepared by adding a given weight of dry yeast to a saline solution (0.9 g/l NaCl in distilled water). Yeast cells were almost spherical in shape with an average diameter of 5 m. They were selected according to their well-defined granulometric properties.
The multichannel (19 channels) α-Al 2 O 3 membrane (Pall, USA) with the pore diameter 450 nm was used in the experiments, and its characteristics are given in Figure 1 . The experiments were carried out in a conventional cross-flow microfiltration unit ( Figure 2 ). 
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The feed was circulated by a centrifugal pump. During experiments, the retentate was recycled back to the suspension reservoir. The transmembrane pressure was adjusted by the regulation valve. After preparation, the suspension (22 l) was poured into the reservoir and stirred for 10 min. During mixing, the valves V1 and V2 were opened, and the valve V3 was closed, to prevent contact with the membrane. After opening the valve V3, the suspension was moving through the membrane in the membrane module. During the first minute, the values of the transmembrane pressure and feed flow were adjusted by the valves V2, V3 and V6.
At certain intervals, the permeate sample was collected at the valve V4. The permeate mass was measured by the technical digital scale connected to a personal computer. Microfiltration experiments were carried out at room temperature (25 o C), until a desired volume concentration factor was reached (VCF = 3). All measurements were carried out in triplicate, and the results were averaged. The membrane was cleaned before each experiment with 2% solution of NaOH and 1.5% solution of NaClO. The effectiveness in membrane cleaning was assessed by examining the water flux recovery. The cleaning procedure was repeated until the 95% of original water flux was restored.
Experimental design and response surface modeling
In order to investigate the main and interaction effects of the hydrodynamic factors upon the performance cross-flow microfiltration process, two responses have been derived from the experimental curves of permeate flux decline. The first response was the average permeate flux J A that have been calculated by integration of the J(t) regression function from t 1 = 1 min up to t n (corresponding VCF = 3), as follows (7):
where J(t) is the regression functions of permeate flux given by regression analysis (data not shown).
The second response was chosen to quantify the intensity of fouling phenomena in dynamic conditions (11) . In this respect, flux decline was considered as the most suitable response. The flux decline (FD) index can be defined as the percentage of the permeate flux decrease after the microfiltration operation (8):
where J i and J f are the permeate fluxes at time 1min and at the end of the process (VCF=3), respectively.
The Box-Behnken design with three factors at three levels and three replications in central point was used as the experimental design. It had 15 experiments, and the experimental results were fitted with the second order polynomial model (9, 10) 
where Y -response function, X i -experiment parameter, b 0 -intercept, b i -linear coefficient, b ii -squared coefficient, and b ij -interaction coefficient. The factors and their levels are: transmembrane pressure (index 1), TMP, (0.5; 1 and 1.5 bar), suspension feed flow (index 2), Q, (4, 10 and 16 L/min), and the initial suspension concentration (index 3), C, (0.1; 5 and 10 g/L). The software package Statistica 12.6 was used for the results processing. Optimization of the parameters was carried out by desired function method, in the software package Design-Expert 7.1.5.
RESULTS AND DISCUSSION
The average flux during batch microfiltration can be used to optimize the hydrodynamic conditions performance of the process (11, 12) . The fitting of the experimental results of the average permeate flux with the second order polynomial are shown in Table  1 and Table 2 The flux decline index is defined as the difference between the initial and the flux at the indicated value of the concentration factor (VCF = 3). The polynomial fitting results are shown in Table 1 . The flux decline index results are also fitted with the second order polynomial (R 2 = 0.958). The most important linear factor influencing the flux decline is the initial suspension concentration. Among the quadratic coefficients, the greatest impact also has the initial concentration. The interaction between the transmembrane pressure and initial concentration is the most significant, while the other two interactions are less important. The effects of the three selected operating parameters on the average permeate flow are presented in Figure 3 . Only the interactions beetween the initial suspension concentration with the other two factors was selected, as presented by t-values (Table 1) . Evidently, the most important factor influencing the average permeate flux is the initial suspension concentration and the figure shows that the highest average flux values were obtained at the lowest initial concentration (0.1 g/L). This can be explained by the membrane fouling. The feed concentration increase leads to the filtration cake formation and flux reduction, i.e. the higher the concentration, the lower the permeate flux. A completely different behaviour was observed at higher values of the initial suspension concentration. As it can be observed, the increase in the initial suspension concentration changes the way transmembrane pressure or feed flow affect the microfiltration process, in this case the average flux is reduced in contrast with low initial concentrations. Thus, the increase in the transmembrane presssure and flow rate, at the lowest initial concentration, increase significantly the average permeate flux. With increasing the initial concentration, the average flux decreases, eventually reaching a minimum value for the higher initial suspension concentration. Therefore, the maximum average permeate flow can be achieved at an initial concentration of 0.1 g/L, a pressure around 1.25 bars, and a flow rate of 16 L/h. Figure 4 shows the response surface plots for flux decline index in dependence of the three operating parameters. As it can be noticed, the most important effect can be attributed to the initial suspension concentration. According to the response surface plots, the increment of the initial concentration leads to a more significant flux decline, especially for higher pressures and lower flow rates. The explanation for this is the same as in the previous section. The graphical response surface analysis (Figure 4) indicates that the increase in both the transmembrane pressure and flow rate did not significantly influence the flux decline, at least for the investigated region. Therefore, the lowest flux decline index can be achieved at lower values of the initial suspension concentration and transmembrane pressure, and at higher values of feed flow. With the increase in the transmembrane pressure, the flux decline index increased for all the initial concentrations investigated. This behaviour can be attributed to the more intense cake formation as well as pore clogging due to the increase in driving force for the microfiltration (6) . On the other hand, the increase in the feed flow reduces the values of flux decline index, as the higher values of feed flow can contribute to cleaning of the membrane surface. Higher values of feed flow are cause of more turbulent flow conditions in the membrane channels, which hinders the particles deposition on the membrane surface. In that way, cake formation is less pronounced, so the average flux is higher and, consequently, the flux decline index is lower. The time needed to reach the defined VCF value (VCF = 3) for the lowest flux decline value was 12 min, and for the highest flux decline value it was around 80 min.
The ultimate goal of the response surface methodology is process optimization, so that proven models can be used for simulation and optimization. Several procedures can be applied for optimization of a process with two or more responses, but one of the most widespread is desirability function method (14) .
In this paper, selected responses for the optimization of baker's yeast suspension multichannel ceramic membrane microfiltration, in terms of feed suspension concentration, were average flux and flux decline. The optimization objective was to select the initial suspension concentration, suspension feed flow and transmembrane pressure for which the responses will be maximal (average permeate flux) or minimal (flux decline index), or their individual desired functions have the highest possible value, ideally 1. Table 3 shows a survey of the optimal values of the varying parameters and corresponding optimized responses. As might be expected, the lowest total desired function value have been obtained for the highest initial suspension concentration (10 g/l), while the highest values have been obtained at the lowest initial suspension concentration (0.1 g/l). The optimal conditions for performing the baker's yeast suspension microfiltration indicate that the process of microfiltration by using multichannel ceramic membrane is highly dependent on the initial suspension concentration. It should be noted that the process must be conducted 
CONCLUSION
On the basis of the experimental results it can be conducted that the most important effect on the baker's yeast microfiltration using multichannel ceramic membrane has the The maximum values of permeate flux were obtained at the lowest initial concentration. The higher the concentration, the lower the permeate flux. The transmembrane pressure and flow rate have no significant influence on the flux change at higher initial concentrations, while increase of these two parameters at low initial concentration caused an increase in the permeate flux. The optimal conditions were established by means of response surface methodology for two selected responses, i.e. average permeate flux (J A ) and flux decline index (FD). These conditions can be used to estimate microfiltration parameters in respect to the initial suspension concentration. For lower initial concentrations of baker's yeast suspensions, optimal microfiltration conditions include higher transmembrane pressures as well as suspension feed flow. On the other hand, with higher initial suspension concentrations, the process should be done at high feed flows and at a lower transmembrane pressure. The model obtained for the microfiltration by multichannel ceramic membrane can be used for determining process parameters depending on the initial suspension concentration.
